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International Reference Ionosphere extended to the plasmasphere (IRI-Plas) is upgraded analytically for assim-
ilative mode of operation using GPS-derived Total Electron Content (TEC) for reconstruction of instantaneous
ionospheric critical frequency and topside scale height at magnetic conjugate hemisphere. The performance of
IRI-Plas code is examined with TECgps retrieved from Global Ionospheric Maps compared with the F2-layer
critical frequency at eight ionosonde locations in East Asia region on both hemispheres during the space weather
storms at solar maximum (2000) and solar minimum (2006). Missing ionosonde data are completed by cloning
of critical frequency. Decomposition of TECgps in electron density profile with IRI-Plas code reveals the opposite
relative changes of critical frequency and the topside scale height depending on solar activity. The ionospheric
weather W index is computed for the desired locations in conjugate hemispheres and consistent results are ob-
tained indicating the departure of instantaneous values of ionospheric parameters from their respective median
varying from quiet state to intense storm.
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1. Introduction
The history of investigations into inter-hemispheric con-
jugate effects in the ionosphere can be traced back to early
1960s. Though the monthly median values of the F2-layer
critical frequency at conjugate low-latitude stations showed
poor correlations, deviations from the median exhibited
positive conjugate correlations in all seasons for both ge-
omagnetically quiet and disturbed days (Matsushita, 1968).
In Rotwell (1962), the relations of the noon F2-layer criti-
cal frequency have been investigated for the magnetic con-
jugate locations at the ends of the magnetic line of force
assuming that the daytime temperature of the neutral gas
is proportional to the cosine of the Sun’s zenith angle at
local noon. The correction factor deduced for this rela-
tion, the so-called magnetic “M-factor”, has been expanded
for the diurnal, seasonal, solar cycle and spatial variations,
and is used for constructing the empirical model of the
fo F2 critical frequency using the data from a global net-
work of ionosondes (Besprozvannaya, 1987, 1991, 1995;
Chasovitin et al., 1987). The M-based model is used in the
present study as a quiet reference for the F2-layer critical
frequency at magnetic conjugate locations.
Renewed interest in the conjugate effects in the Earth’s
environment has been raised by the ICESTAR Program
which focuses on the “Inter-hemispheric Similarities and
Asymmetries in Geospace Phenomena” (http://www.scar.
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icestar.org/). The primary goal of the ICESTAR Program is
to create an integrated, quantitative description of the upper
atmosphere over Antarctica, and its coupling to the global
atmosphere and the geospace environment. It is found that
there exists a systematic displacement for the sub-storm
onset locations in one hemisphere compared to the other
(Ostgaard et al., 2007). At the same time, no evidence of
geomagnetic conjugacy in pulsating aurora is found, as dis-
cussed in Watanabe et al. (2007). The authors report two
types of non-conjugacy: (i) pulsating auroras can appear in
both hemispheres but their spatial appearance and period
are different and (ii) pulsating auroras appear only in one
hemisphere.
Recent studies of conjugate effects are not restricted to
auroral phenomena. The existence of a global asymme-
try in the neutral upper-atmospheric density between the
Northern and Southern hemispheres has been indicated
(Illes-Almar and Almar, 2006). The authors assume that
the phenomenon can be related to the asymmetric distribu-
tion of the continents and oceans between the hemispheres
and/or with the asymmetry of the geographic field to the
geomagnetic field. At the same time, the special campaign
of mid-latitude airglow observations at the conjugate loca-
tions in Japan and Australia has revealed a one-to-one cor-
respondence of wave structures between the Northern and
Southern hemispheres, indicating strong electro-dynamic
coupling between the two hemispheres through the geo-
magnetic field line (Shiokawa et al., 2005).
The simultaneous observations of the F3-layer at the low-
latitudinal meridional network located in Southern Asia
confirmed the plasma-diffusion effects along the magnetic
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field lines in the low-latitude region (Uemoto et al., 2007).
A more sophisticated picture of the ionospheric E- and
F2-region parameters has been obtained in special near-
equatorial empirical conjugate studies in Brazil (McNamara
et al., 2008; MacDougall et al., 2009). Considerations of
the ambient conditions at the conjugate locations indicate
that relatively small differences in parameters such as tidal
winds, electric fields, and background density gradients can
significantly affect the structuring of the Es layer. Varia-
tions of the F2-layer peak density and height appear to re-
sult from a reshaping of the F2-layer manifested by the scale
height around the peak.
The ionospheric behavior in conjugate hemispheres dur-
ing an annular solar eclipse has clearly indicated that due to
the eclipse, fewer photoelectrons travel along the magnetic
field lines from the eclipse region to the conjugate region
resulting in reduced photoelectron heating in the conjugate
hemisphere causing a drop in the electron temperature and
a subsequent positive disturbance effect in the peak electron
density, peak height and Total Electron Content (Le et al.,
2009).
One of the most acknowledged models of the ionosphere
suitable for investigations of conjugate phenomena is the
International Reference Ionosphere (IRI) (Rawer, 1988,
1990; Bilitza et al., 1993; Bilitza, 2001). The IRI model
has been traditionally based on observations of monthly me-
dians of ionospheric parameters obtained from ionosondes
mostly located in the northern hemisphere. The temporal
and spatial sparsity of data that has been included in the
development of the IRI model can be compensated for ei-
ther by assimilation of new ionosonde results, or by upgrad-
ing the IRI model to include situations like space weather
storms. When the first option is not feasible, it is better
to approach the problem with a cost-effective improvement
in the IRI model. The International Reference Ionosphere
extended to the plasmasphere (IRI-Plas) (Gulyaeva et al.,
2002) is a recent version of IRI where the region of inter-
est can include the plasmasphere up to a height of 20,200
km. The Global Positioning System (GPS) derived To-
tal Electron Content (TEC) can be incorporated into IRI-
Plas for a better representation of temporal variations in the
ionosphere, and the interaction between magnetic conjugate
hemispheres can be used to model the ionosphere in regions
where ionosonde data are not available.
In the International Reference Ionosphere (IRI) model,
the topside and bottomside electron density descriptions
use a ‘relative layer shape’ formula depending on vertical
coordinate adapting the absolute values to those at the peak
(Rawer, 1988, 1990; Bilitza et al., 1993). Since plasma
interchange in the F-region is field aligned, it is not possible
to describe adequately the spatial structures occurring at
low latitudes when admitting that they depend exclusively
on the vertical coordinate as is supposed in IRI (Rawer,
1990). The reference peak electron density and height in
the IRI system are provided by the ITU-R (former CCIR)
or URSI maps. For the conjugate F2 peak reconstruction,
the IRI driven quiet reference-critical-frequency is replaced
in the present study by an M-based empirical ionospheric
model (Besprozvannaya, 1987, 1991, 1995) which accounts
for the magnetic field geometry. Since the IRI F2-layer
peak-height yields inadequate results in some regions of
the Southern hemisphere, the model peak height hm F2 is
improved (Chasovitin et al., 1987) as derived from the ITU-
R (former CCIR) maps of M3000 F2 using the formulations
of Bilitza et al. (1979) for the Northern hemisphere and
supposed to be symmetric in the Southern hemisphere.
The term ‘Imaging of the ionosphere’ is well-recognized
in the tomographic decomposition of the GPS-derived Total
Electron Content (TECgps) into the electron density distri-
bution (Bust and Mitchell, 2008). In their review, an in-
troduction and the history of ionospheric imaging is pre-
sented, beginning with computerized ionospheric tomog-
raphy. The ability of imaging algorithms to incorporate
multiple types of data and use advanced inverse techniques
borrowed from meteorological data assimilation to produce
four-dimensional images of electron density is discussed
therein. The technique implemented in the present paper
is based on a sort of data assimilation scheme of TECgps
values obtained using the Global Ionospheric Maps (GIM)
(Manucci et al., 1998; Nayir et al., 2007). While TEC mea-
surements at GPS-receivers sites are more accurate com-
pared with spatially- and temporally-smoothed GIM TEC
products, the GIM data are readily available for extracting
(interpolation) the TEC value at any given location, in par-
ticular, in the conjugate hemisphere.
The International Reference Ionosphere model extended
to GPS heights in the plasmasphere, IRI-Plas, (Gulyaeva et
al., 2002) is used for retrieving the electron density height
profile from TECgps input (Gulyaeva, 2011). Guided by the
knowledge gained from previous data analysis, the IRI-Plas
algorithm is complemented with a feedback loop in order
to update two model parameters: (1) an instantaneous peak
electron density that is proportional to the square of the F2-
layer critical frequency, and (2) the electron density scale
height at the lower topside.
In this study, the instantaneous ionospheric critical fre-
quency will be reconstructed using a new technique for con-
jugate hemispheres. The validation will be achieved by a
comparison of reconstructed critical frequency values with
the ionosonde source station (SS) data. The proposed data
assimilation technique makes use of the TEC maps pro-
vided by GIM for the estimate of TECgps. The TECgps data
representing an integral of plasma density characteristics in
the Earth’s environment, which embraces the plasma trans-
fer between the hemispheres along the magnetic lines of
force, are the most suitable for magnetic conjugacy stud-
ies by providing an independent source of information at
the conjugate points, CP. TECgps provides an estimate of
the total number of free electrons inside the cylinder with
1-m2 cross-section area in the column from the bottom of
the ionosphere (65 km) to 20,200 km (GPS orbit). The
TECgps also exhibits the temporal variability of the iono-
sphere and the plasmasphere. Therefore, the assimilation of
TECgps into the IRI-Plas code provides a more accurate rep-
resentation of critical ionospheric parameters especially at
CP points, both under quiet, and under storm, conditions. In
Section 2, the new technique of the assimilation of TECgps
data into IRI-Plas is discussed. Section 3 includes the vali-
dation of the modified IRI-Plas during storm conditions.
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2. Data Processing
The data used for the present study are obtained from var-
ious sources. The ionosonde-derived F2-layer critical fre-
quency, fo F2, and the height, hm F2, are provided by global
and national Data Centers on the World Wide Web. The
ionosonde locations of the source stations, SS, in a geo-
graphic frame, their corrected magnetic coordinates and the
geographic coordinates of their magnetic conjugate points,
CP, are given in Table 1. The region of interest spans from
−60◦N to 60◦N of magnetic latitude and from 120◦E to
170◦E of geographic longitude. Figure 1 shows a map of
station locations, indicated by cycles, related by a dashed
line to their magnetic conjugate counterpoints, that are de-
noted by diamonds. Using the IGRF-2000 magnetic field
model, the magnetic field line was traced from a 300-km
altitude at the source location to a 300-km altitude at the
conjugate hemisphere.
The gaps in SS ionosonde observations are filled up using
the cloning procedure discussed in Gulyaeva et al. (2008).
The variations in fo F2 at a ‘parent’ station are used for the
reconstruction of a measurement missed at another location.
The transform is applied to the proxy for the F2-layer crit-
ical frequency reduced by the solar zenith angle which im-
proves the correlation between the data at different locations
(Gulyaeva, 2009). This procedure assumes the availability
of the daily-hourly values of critical frequency measured at
a particular parent station and the median for the preceding
27 days at both stations.
The electron-density profile and the F2-layer critical fre-
quency at the conjugate locations are obtained using the
3-D ionosphere-plasmasphere model, IRI-Plas. The IRI-
Plas code provides a three-dimensional and time-dependent
global model of electron-density, Ne(h), and temperature,
Te(h), profiles through the ionosphere and plasmasphere.
The Ne(h) profile is fitted to anchor points at the F2-layer
peak electron density, Ne F2, and height, hm F2, which can
be modeled using ITU-R (former CCIR) maps of fo F2 and
M3000 F2, or they can be derived experimentally. The model
predicts the Total Electron Content, TECiri, by numerical
integration of the Ne(h) profile from an altitude of 65 km
to a few Earth’s radii (specified currently at 20,000 km near
the GPS orbit) for the desired location, date and time.
The IRI-Plas code is updated for the assimilation of the
TECgps as discussed in Gulyaeva (2011). The TECgps data
for SS and CP sites are extracted from the GIM maps pro-
duced by the Jet Propulsion Laboratory, provided online
at ftp://cddis.gsfc.nasa.gov/pub/gps/ products/ionex/. The
GIMs provided with a temporal resolution of 2 hours are
linearly interpolated for a 1-h resolution. In the litera-
ture, there are various techniques providing the assimila-
tion of TECgps data by an updated IRI code, or other profil-
ers (Komjathy et al., 1998; Stankov et al., 2003; Yizengaw
et al., 2006). In our approach, the topside IRI electron-
density profile is linked with the plasmasphere model, IRI-
Plas, (Gulyaeva et al., 2002) at an altitude of one basis-
scale-height above the F2 peak (Gulyaeva, 2011) close to
the O+/H+ transition height, where the concentration of
hydrogen becomes comparable with that of oxygen. The
topside basis-scale-height, Hsc, presents the distance in km
above the peak height at which the peak plasma density,
Fig. 1. Stations used for ionospheric data processing denoted by circles
and their magnetic conjugate counterparts denoted by diamonds.
Ne F2, decays by a factor of e (∼2.718).
The peak plasma density, in m−3, is related to the critical
frequency, in Hz, by the expression:
Ne F2 = ( fo F2)2/80.6 (1)
In the present study, the algorithm applied in the IRI-Plas
model for obtaining the topside scale height, Hsc, when
the F2-peak parameters are available from observation
(Gulyaeva, 2011) is updated using the input of GPS-derived
TEC to obtain both the instantaneous peak electron den-
sity and the topside scale height by fitting the model result
TECiri to TECgps.
The first run of the IRI-Plas code does not require the
input of the F2-layer peak parameters since it is based
on the median (M-model) critical frequency fm F2 and the
IRI-CCIR peak height hm F2 providing the model output of
TECiri0. Then, using the TECgps input with the IRI-Plas
code, we attribute the difference between the model and the
measured TEC at altitudes from 65 km to 20,200 km (GPS
orbit) as a source to update the F2-layer peak density for the
GPS signal’s travel through the oxygen-dominated plasma
of the ionosphere and the tenuous hydrogen-dominated
plasma of the plasmasphere. Accordingly, we are using the
following formula to transform the background reference
critical frequency, fm F2, to an instantaneous value fo F2
(Ne F2) according to the TECgps input at CP as:
Ne F2 = Nm F2 × TECgps/TECiri0 (2)
where Ne F2 is the instantaneous peak electron density;
Nm F2 is the M-based model of the quiet reference peak
electron density; and TECiri0 (with superscript ‘0’ ) is the
pre-fit IRI-Plas Total Electron Content obtained using fm F2
and hm F2 peak parameters. All the above mentioned pa-
rameters refer to a specified location at CP.
The IRI-Plas code is further modified using the upgraded
Ne F2 in Eq. (2) for the re-calculation of the peak height,
hm F2, depending on fo F2. Then, we obtain the electron-
density profile, the bottomside electron content, TECb1, and
the total electron content, TECiri1, for recalculating the top-
side scale height with Eq. (3) (Gulyaeva, 2011):
Hosc = Hmsc1 ×(TECgps −TECb1)/(TECiri1 −TECb1) (3)
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Table 1. Geographic, and corrected geomagnetic, coordinates of the source ionosonde stations (SS) and geographic coordinates of the magnetic
conjugate points (CP) used for the analysis.
Station Geographic Geomagnetic CP
Glat Glon Mlat Mlon Glat Glon
Magadan (MG) 60.0 151.0 54.5 218.6 −41.8 141.3
Wakkanai (WK) 45.4 141.7 40.0 212.6 −27.6 138.5
Kokubunji (KK) 35.7 139.5 30.7 210.6 −18.5 137.7
Yamagawa (YA) 29.2 129.6 25.0 201.1 −12.3 129.2
Okinawa (OK) 26.3 127.8 22.4 199.2 −9.5 127.6
Kwajalein (KW) 9.0 167.2 12.7 237.6 2.1 166.2
Darwin (DW) −12.2 130.9 −24.9 202.8 29.2 131.4
Hobart (HO) −42.9 147.2 −55.1 226.3 60.4 161.0
where Hosc denotes the instantaneous topside scale height
at the conjugate point; Hmsc1 is the topside scale height in-
ferred by IRI-Plas execution yielding TECiri1 and TECb1
output denoted with superscript ‘1’ obtained with updated
Ne F2 (Eq. (2)) input. The uncoupling of TEC from the
bottomside underlying ionization is accomplished using a
residual of (TECiri1 − TECb1) representing the vertical in-
tegrated electron content above hm F2 through the topside
ionosphere and plasmasphere. The feedback loop is incor-
porated into the IRI-Plas code for producing the post-fit top-
side electron-density profile and TECiri using the upgraded
Ne F2 and Hosc. This re-calculation of the IRI-Plas topside,
and plasmasphere, electron density is performed by chang-
ing the q-factor introduced in the topside model (Gulyaeva
and Titheridge, 2006) according to the result of Eq. (3).
The relative variations in Ne F2, fo F2, and Hosc are de-
fined as:
r Ne F2 = log(Ne F2/Nm F2)
r Hosc = log(Hosc/Hmsc) (4)
r fo F2 = log( fo F2/ fm F2)
where the symbols ‘e’ and ‘o’ denote the instantaneous
value, and ‘m’ denotes the quiet reference median or model
value. If the logarithm yields a negative value, this is an
indicator of a decrease of a parameter value compared to
the quiet reference value (negative storm effect). Similarly,
a positive value of the logarithms in Eq. (4) above indicates
an increase in the value of the parameter of interest (positive
storm effect).
In Gulyaeva et al. (2008), a segmented logarithmic scale
of the ionospheric weather W index is introduced for the
different thresholds of change in Ne F2 according to Eq. (4)
for quantifying the ionosphere variability. The thresholds
of the logarithmic ratios for Ne F2 and TEC are selected by
equal increments in absolute values for the positive and neg-
ative logarithm magnitude which correspond, however, to
unequal linear deviations of the particular parameter from
the median. As discussed in detail in Gulyaeva et al. (2008),
W = ±1 corresponding to less than about ±10% changes
of Ne F2 regarding the median represents the quiet iono-
sphere state, W = ±2 (−10% > W − > −30%; 10% < W +
< 43%) denotes a moderate disturbance. When W = ±3
(−30% > W − > −50%; 43% < W + < 100%), a moderate
ionospheric storm is imminent, and finally, W = ±4 (W −
< −50%; W + > 100%) is the indicator of an intense iono-
spheric storm. Note that thresholds for r Ne F2 correspond
to the relevant changes of r fo F2 which are two times less,
which follows from Eq. (1) and Eq. (4):
r fo F2 = r Ne F2/2 (5)
The results obtained with the above analysis are pre-
sented in the next section.
3. Results
The current investigation for the magnetic conjugate
points is carried out using the eight ionosonde source sta-
tions of Table 1. The ionospheric parameters obtained
with the above technique at the conjugate hemisphere are
compared with SS data obtained from ionosondes at the
same hemisphere. The TEC values are obtained from the
GIM. The space weather storms that are highly effec-
tive in the ionosphere and plasmasphere can be identified
and graded using the planetary ionosphere-plasmasphere
storm index, Wp (Gulyaeva and Stanislawska, 2008, 2010).
The Wp index is derived using the GIM-TEC maps, and
they are provided online from 1999 up to the present at
http://www.izmiran.ru/services/iweather/.
We have chosen for the analysis the twenty-one
ionosphere-plasmasphere storms which occurred during the
solar maximum year of 2000 and eight storms which oc-
curred during the year 2006 corresponding to the solar min-
imum (Table 2). The maximum duration of each storm in
hours (h); the peak Wp index reached during the storm; and
the peak values of relevant geomagnetic indices: the plane-
tary Ap index (and its integrated equivalent Api for the pre-
ceding 39 hrs used by the IRI-Storm option), the Auroral
Electrojet AE index and the disturbance storm time Dst in-
dex are provided in Table 2. The characteristics of the
space weather storms that are given in Table 2 indicate that
the ionosphere and plasmasphere can be stormy while the
magnetosphere remains quiet (Gulyaeva and Stanislawska,
2010).
The Root-Mean-Square (RMS) deviation, in MHz, be-
tween the disturbed and quiet F-region critical frequency
averaged over a number of sites (SS or CP) particularly for
the Southern (S) and Northern (N) hemispheres (Table 2)
demonstrates a measure of disturbance of the peak electron
density which is consistent for the observed fo F2 (SS) and
the reconstructed critical frequency (CP) with the proposed
algorithm.
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Table 2. Planetary ionosphere-plasmasphere storms deduced from IGS-TEC maps during solar maximum (2000) and solar minimum (2006) and
extreme space weather indices used in the present study at the conjugate hemispheres. Root-mean-square RMS deviation, in MHz, between the
disturbed and quiet F-region critical frequency is averaged over a number of sites (SS or CP) in the Southern (S) or Northern (N) hemispheres.
Nn Storm onset Storm end Duration, Wp Ap Api AE Dst RMS at S RMS at N
date UT, h date UT, h  h max max, nT max min SS CP SS CP
Solar maximum, 2000
1 Jan 11 18 Jan 12 12 19 6.6 56 376 1124 −81 2.31 1.35 2.59 0.92
2 Jan 29 16 Jan 30 08 17 6.1 39 524 745 −33 1.12 1.43 1.15 0.67
3 Feb 11 20 Feb 13 18 47 6.8 111 1088 1124 −133 1.93 1.06 2.18 1.75
4 Apr 06 18 Apr 08 08 39 9.5 300 2511 1550 −288 3.47 1.60 2.07 1.33
5 May 02 12 May 05 16 77 6.6 39 384 901 −37 1.89 1.76 1.80 1.36
6 May 07 04 May 08 04 25 6.5 7 164 509 −10 1.06 1.74 1.57 1.29
7 May 24 00 May 25 10 35 6.4 207 1701 1336 −147 2.60 1.10 2.09 1.22
8 May 30 16 June 01 04 37 6.0 32 532 827 −54 2.88 1.18 1.30 0.96
9 June 08 16 June 09 00 9 6.5 132 1137 1334 −90 1.34 0.47 2.34 1.79
10 July 14 18 July 17 09 64 10.2 400 3442 1657 −301 2.65 1.06 2.03 1.53
11 July 23 15 July 24 03 13 6.1 80 373 1008 −68 0.82 1.57 0.71 0.66
12 July 28 15 July 29 00 10 6.1 67 620 1166 −51 0.85 0.76 1.71 1.40
13 Aug 09 22 Aug 13 00 75 8.2 179 2144 1107 −235 2.16 1.02 1.86 1.22
14 Sep 16 22 Sep 19 00 51 9.4 236 1670 1009 −201 2.92 0.93 1.28 0.64
15 Sep 30 08 Oct 01 00 17 6.3 94 865 1290 −76 2.17 1.58 1.28 1.28
16 Oct 02 08 Oct 05 14 79 8.4 154 2215 1457 −182 3.71 1.18 1.91 1.57
17 Oct 14 06 Oct 15 00 19 6.9 111 777 1133 −107 1.87 0.94 1.25 1.01
18 Oct 22 20 Oct 23 00 5 6.3 39 358 913 −41 0.98 0.58 0.87 0.51
19 Nov 04 10 Nov 04 13 4 7.0 48 427 791 −50 1.37 0.82 1.06 0.84
20 Nov 06 13 Nov 07 10 22 7.4 132 843 1154 −159 2.13 3.09 1.79 1.82
21 Nov 27 12 Nov 29 10 47 6.9 94 1016 1210 −119 1.72 0.82 1.76 1.44
Solar minimum, 2006
22 Mar 18 10 Mar 19 03 18 6.0 94 892 850 −40 0.71 0.49 0.74 0.37
23 Apr 05 01 Apr 06 13 37 6.5 56 522 959 −87 1.34 0.84 1.71 1.02
24 Apr 09 04 Apr 09 23 20 6.0 80 726 726 −80 0.98 0.92 1.44 1.00
25 Apr 13 23 Apr 16 08 58 7.9 132 1151 1437 −111 1.61 1.30 1.80 1.15
26 May 04 12 May 05 13 26 6.5 39 292 1012 −42 0.91 0.56 1.23 0.73
27 Aug 19 15 Aug 21 01 35 6.5 80 942 1637 −71 0.92 0.68 0.84 0.44
28 Nov 09 19 Nov 12 13 57 7.0 80 703 1042 −51 0.98 1.04 1.00 0.75
29 Dec 14 17 Dec 16 17 49 10.9 236 2135 1616 −146 1.80 0.89 1.81 0.85
Table 3. RMS deviation of TECiri from TECgps, in TECU, at the main phase of the ionospheric storms at solar maximum (2000) and solar minimum
(2006). Results of IRI-Plas model for two options: (1) ionosonde-derived input of fo F2 and hm F2 combined with input of TECgps, (2) input of fo F2
and hm F2 from ionosonde alone. Instantaneous results (i) and monthly median results (m) are shown. Data are missing for two stations for 2000.
Station 2000 2006
RMS(1)i RMS(2)i RMS(1)m RMS(2)m RMS(1)i RMS(2)i RMS(1)m RMS(2)m
Magadan 0.68 2.54 0.34 1.32 0.13 1.16 0.10 0.76
Wakkanai 1.26 2.57 0.50 1.96 0.19 1.12 0.18 1.36
Kokubunji 0.80 2.38 0.22 1.10 0.24 1.43 0.17 1.41
Yamagawa — — — — 0.70 2.60 0.29 2.07
Okinawa 1.92 5.31 0.37 1.83 0.25 2.40 0.18 1.48
Kwajalein — — — — 0.75 3.86 0.53 2.74
Darwin 1.51 3.87 1.42 2.44 0.42 3.75 0.13 0.97
Hobart 0.48 1.56 0.17 0.79 0.36 0.97 0.03 0.28
The IRI-Plas code is validated as the 3-D interpolator of
TEC, at the source stations. The TECiri calculation, with in-
stantaneous and median TECgps incorporation, is compared
in Table 3 using two IRI-Plas options. In the first option,
the post-fit TECiri is obtained from Eq. (3). In this op-
tion, fo F2 is not modified as provided in Eq. (2). Thus,
all the difference between model TECiri and TECgps is at-
tributed to the topside scale height. The values of fo F2
and hm F2 (both instantaneous and the monthly median) are
based on the results from the ionosonde observations along
with the TECgps input. In the second option, TECiri compu-
tations are anchored to the same fo F2 and hm F2 data alone
from ionosonde measurements (both instantaneous and the
monthly median) without the input of TECgps.
The RMS difference between TECiri and TECgps, ob-
tained with the data of the source stations, is listed in
Table 3 for both the solar maximum and the solar minimum
years. It is natural that a low RMS value is obtained with the
934 T. L. GULYAEVA et al.: CONJUGATE IONOSPHERE STORMS WITH IRI-PLAS MODEL
Fig. 2. Opposite relative changes of the F2-layer critical frequency ver-
sus topside scale height during storms at solar maximum (dots, 2000)
and solar minimum (crosses, 2006) and the analytical model (dashed
line—2000, thin solid line—2006) in a bi-logarithmic frame.
parameters derived from the TECgps (option 1) because the
TECgps values were used for computing these parameters.
Differences in the RMS obtained for the instantaneous and
median post-fit TECiri are considered in more detail in the
‘Discussion and Conclusions’ section. Results of reshaping
the electron density profile with IRI-Plas code using option
1 and option 2 suggest that incorporation of only the F2-
layer peak parameters observed with an ionosonde can yield
a model TECiri which differs from TECgps data.
The opposite relative variations of the critical frequency,
r fo F2, with respect to the topside scale height, r Hosc, have
been presented in Gulyaeva (2011). In this study, r fo F2 and
r Hosc data retrieved with IRI-Plas, adapting the model to
TECgps (option 1 of Table 3) are provided in Fig. 2 in a bi-
logarithmic scale both for the solar minimum and the solar
maximum. In Fig. 2, the points denote the solar maximum
year 2000 data, where the mean smoothed sunspot number
Rz is 136. The solar minimum year 2006 data (where
Rz = 13) are indicated with crosses on the same figure.
The best-fit regression lines are denoted with the dashed
line and the solid thin line for 2000 and 2006, respectively.
The correlation coefficients are r2 = −0.85 for the solar
maximum and r2 = −0.88 for the solar minimum, an
indicator of strong anti-correlation of variability of these
two ionospheric parameters.
Since solar activity is effective in the relationship be-
tween the critical frequency and the topside scale height,
Rz is incorporated into the analysis using a linear interpo-
lation between the coefficients of two regression lines for
the solar minimum and maximum. Thus, the link between
r fo F2 and r Hosc is expressed in the following equation as:
r fo F2 = −r Hosc × (1.10756 − 0.001747 × Rz)
+0.05175 − 0.000472 × Rz (6)
The instantaneous value of fo F2 can be retrieved from
Eqs. (4) and (6) using r fo F2 and the median or quiet refer-
ence model fm F2 values as:
fo F2 = fm F2 × 10r fo F2 (7)
The performance of the IRI-Plas code in the derivation
of the F2-layer critical frequency at magnetic conjugate lo-
cations using Eq. (2) and Eq. (3) is examined using the
cross-correlation coefficient, r2, between the SS data and
the CP instantaneous reconstructed critical frequency. A
very high correlation is observed for all the storm condi-
tions presented in Table 2. For example, for the ionosphere-
plasmasphere storm on 12–13 August, 2000, at the solar
maximum, r2 is equal to 0.88 for the Northern Hemisphere
and 0.63 for the Southern Hemisphere. This is a very strong
result that indicates the efficiency and accuracy of the de-
veloped reconstruction technique. A visual example is pro-
vided in Fig. 3 for this storm.
The ionosonde observations of fo F2 are shown for the
source stations in Fig. 3(a), and their conjugate counterparts
retrieved with Eqs. (2)–(3) are given in Fig. 3(b). The solid
curve denotes the 27-day median fm F2 at SS (a), and the
solid line indicates the M-based model at CP (b). The cor-
rected magnetic latitudes of SS and CP (equal in absolute
value but opposite in sign in the conjugate hemispheres)
are indicated at the right border of each panel. The crosses
denote the instantaneous critical frequency, fo F2, which is
the ionogram derived values at SS (a) and retrieved from
TECgps values for CP (b). The negative phase of the iono-
spheric storm is evident at the four ionosonde SS where
fo F2 values are depleted with respect to the median, ex-
cluding the few hours of positive enhancement signatures
at Darwin during the first day. Similar dominating effects
of the negative storm are obtained at the conjugate loca-
tions, where the positive storm signatures at the conjugate
magnetic latitude of −31◦ for Kokubunji are very similar to
those of Darwin station located at the low magnetic latitude
of −25◦ in the winter Southern hemisphere. We remind
that all these features are retrieved due to TECgps changes.
Thus, the similarity of CP fo F2 variability to those of SS
observations in the relevant hemisphere is very promising.
For another storm on December 15, 2006, at the solar
minimum, the correlation coefficients are calculated as r2 =
0.98 for the Northern hemisphere, and as 0.94 for the South-
ern Hemisphere. In Fig. 4, the ionosonde SS data and the re-
constructed CP counterparts are provided for the December
15, 2006, storm. The results for SS (a) and CP (b) are pre-
sented in succession varying from the negative bottom mag-
netic latitudes for the Southern hemisphere (indicated at the
right border of each panel) towards the positive magnetic
latitudes upward for the Northern hemisphere. Here, the
positive phase of the storm is captured by both the empiri-
cal data (a) and the model retrieved critical frequency at CP
(b). The enhancement of the peak plasma density (or the
critical frequency) propagates in the winter Northern hemi-
sphere from high latitudes towards the equator during day-
time. This effect is gradually replaced by a negative fo F2
decrease in the Southern summer hemisphere. At the con-
jugate sites, the peak plasma density shows a similar pattern
of enhancement in the winter Northern hemisphere gradu-
ally reducing towards the equator and propagating as a neg-
ative plasma depletion towards the Southern high latitudes.
The retrieval of the critical frequency at conjugate loca-
tions is most advantageous for mapping purposes when the
ionosonde network is absent or sparse. Two examples are
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Fig. 3. Observations of the F2-layer critical frequency at source stations (left panel) and model reconstruction at the conjugate hemisphere (right panel)
during the ionosphere-plasmasphere storm on 12–13 August, 2000, at solar maximum. The solid line indicates the median values, and the dashed
line denotes the instant values.
Fig. 4. Observations of the F2-layer critical frequency at source stations (left panel) and model reconstruction in the conjugate hemisphere (right panel)
during the ionosphere-plasmasphere storm on 15 December, 2006, at the solar minimum. The solid line indicates the median values, and the dashed
line denotes the instant values.
given in Figs. 5 and 6 to demonstrate the improvement. The
instantaneous maps of fo F2 are presented for the area un-
der investigation on 16 July, 2000, at the solar maximum,
around local noon after the storm onset, and local night-
time at the peak of the storm, respectively. The left panels
in Figs. 5 and 6 are based on ionosonde SS observations
only. In the right panel, the SS data are complemented with
the CP retrieved critical frequency. The SS locations are
shown by circles, and CPs are indicated with diamonds.
The ionospheric plasma density near the equator and its
structure are determined by the processes that dictate its
production, loss, and transport (see, e.g., Rishbeth (2000)).
Production of plasma occurs during daylight hours when
the sun illuminates the atmosphere at both conjugate hemi-
spheres while the night-time production is small. For the
daytime, with combined SS and CP data, the equatorial
anomaly of enhanced peak plasma density at both sides of
the magnetic equator in Fig. 5(b) has a stronger symmetry
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Fig. 5. Maps for the instantaneous F2-layer critical frequency during the storm at local daytime hours on 16 July, 2000, using (a) data of ionosonde
observations alone, (b) data of ionosonde observations combined with model estimates at conjugate locations.
Fig. 6. Maps for the instantaneous F2-layer critical frequency during the storm at local night-time hours on 16 July, 2000, using (a) data of ionosonde
observations alone, (b) data of ionosonde observations combined with model estimates at conjugate locations.
Fig. 7. Ionospheric weather index W at source stations (left panel) and their conjugate counterparts (right panel) during the ionospheric storm at the
solar maximum on 12–13 August, 2000 (the event shown in Fig. 3).
compared to that of Fig. 5(a). The night-time electron den-
sity distribution in the Northern and Southern hemispheres
is asymmetric, which is indicated with the enhanced peak
electron density at the Northern summer night and the re-
duced peak electron density at the Southern summer night
map, as rightfully observed with combined SS and CP data
in Fig. 6(b). This is a well-known effect of winter anomaly
in the peak ionization enhanced (superimposed) by plasma
exchange along the field lines during the peak of the space
weather storm.
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Fig. 8. Ionospheric weather index W at the source stations (left panel) and their conjugate counterparts (right panel) during the ionospheric storm at the
solar minimum on 15 December, 2006 (shown in Fig. 4).
The IRI-Plas model output is complemented by the eval-
uation of the ionospheric weather index, W , as a measure of
the departure of the instantaneous value of Ne F2 from the
median. The value of W can vary from ±1 representing the
quiet state to ±4 indicator of the intense storm as discussed
in detail in Gulyaeva et al. (2008). In Fig. 7, the computed
W values of the ionospheric plasma state during the storm
on 12–13 August, 2000 (the event shown in Fig. 3) pro-
duced with the SS critical frequency (a) and the retrieved
CP critical frequency (b) are presented. Here, the dominant
negative storm effect is captured by four ionosonde stations
(two in the Northern hemisphere and two in the Southern
hemisphere). The same effect is observed in the results for
their counterparts in the opposite hemispheres.
Changes in the W index are also shown in Fig. 8 referring
to the storm on 15 December, 2006 (shown in Fig. 4). Again
there is evidence of the congruent changes of the SS (a)
and the CP (b) W index in the relevant hemisphere which
is indicated by the corrected magnetic latitude at the right
border of each panel. The storm time effects are clearly
detected by values of the W index equal to ±3 and ±4.
4. Discussion and Conclusions
The investigation of ionospheric irregularities along the
magnetic field line and through magnetic conjugate phe-
nomena has proven to be highly advantageous. Along
with the introduction of Earth-based GPS receivers, a cost-
effective method of producing GIM and the observation of
ionospheric irregularities and conjugate phenomena have
been made possible since the last solar maximum of 1999–
2001. In this study, a new technique for the reconstruction
of the peak electron density and the topside scale height at
the conjugate hemisphere is proposed based on recent de-
velopments in the International Reference Ionosphere, ex-
tended to the plasmasphere, the IRI-Plas code, and the avail-
ability of TECgps data through GIM.
Hourly ionosonde observations for eight source stations,
SS, in the Northern and Southern hemispheres at the Asia-
Far East region are included in the investigation. The per-
formance of the IRI-Plas code is evaluated with the data
from ionosonde stations during the storm events listed in
Table 2 that occurred in the years of both solar maximum
(2000) and solar minimum (2006). It is observed that TECiri
is estimated with the higher accuracy if the F2-layer peak
parameters and TECgps are available to the program at the
same time.
An analytical expression to represent the opposite
changes of the F2-layer critical frequency and the top-
side scale height is also derived including the term of so-
lar activity retrieved with the IRI-Plas model incorporating
TECgps. Though there are more relevant solar proxy indices
for TEC modeling and decomposition than sunspot num-
bers (Maruyama, 2010), the sunspot number is used in the
present study because it remains the IRI driving parame-
ter, in particular, due to well-established predictions of the
12-months smoothed sunspot numbers a few months in ad-
vance.
From Table 3, the RMS error for the median values are
significantly less than those for the instantaneous parameter
values. This fact may be due to the more smoothed median
behavior than the instantaneous storm-time values. The dif-
ference in the instant parameters can be explained by dif-
ferent processes governing plasma at the different altitude
ranges over the Earth. It is well known that the ionosphere,
a conductive, ionized region of the Earth’s atmosphere, ex-
hibits significant variations in the peak plasma density re-
siding typically in a relatively thin layer (200–400 km) in
the F-region. On the other hand, the storm-time effects
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on TECgps including both the ionosphere and the plasma-
sphere at altitudes up to a few Earth’s radii is controlled
by an electric field induced by the Earth’s rotation which
forces the plasma to co-rotate with the Earth, while, at the
higher L shells, the plasma motion is driven by a convec-
tion electric field caused by the solar wind interaction with
the Earth’s magnetosphere. Also, the input parameters of
the IRI-Plas code ( fo F2, hm F2, TECgps) are not measured
directly neither by the ionosonde nor the GPS receiver.
These parameters are derived quantities that include mod-
eling, computational and measurement errors due to a so-
phisticated pre-processing and signal manipulation (Piggot
and Rawer, 1972; Arikan et al., 2002, 2007; Reinisch et
al., 2005; Smith et al., 2008; Anghel et al., 2009). There-
fore, this inherited controversy of input parameters may af-
fect IRI-Plas results and yield greater RMS errors with an
instantaneous input than with the more-smoothed monthly
median values.
As seen in the examples provided in Figs. 3, 4, 7, and 8,
the storm-time effects in the peak electron density of the
conjugate hemisphere retrieved with the proposed model
anchored to TECgps tend to display a congruent behav-
ior with the ionosonde data in the same hemisphere. At
the same time, either symmetry or asymmetry of the peak
plasma density variations can occur in SS-CP pairs of data
depending on the F2-layer storm time dominant signatures
at a particular region, season and local time. However, am-
biguities in the symmetry or asymmetry of the ionosphere
changes in the conjugate hemispheres will likely remain,
because processes in the ionosphere are governed not only
by plasma interchange along field lines but are also greatly
affected by forcing from above and below on local and re-
gional scales.
The proposed analysis method indicates that the IRI-Plas
code can yield better estimates of the ionospheric param-
eters at the conjugate hemispheres along with the input of
TECgps. This is very important for the investigation of iono-
spheric variability where ionosonde stations are sparse or
lacking.
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